Abstract A suggested mechanism for allosteric response is the distortion of the energy landscape with agonist binding changing the protein structure's access to functional configurations. Intramolecular vibrations are indicative of the energy landscape and may have trajectories that enable functional conformational change. Here, we discuss the development of an optical method to measure the intramolecular vibrations in proteins, namely, crystal anisotropy terahertz microscopy, and the various approaches which can be used to identify the spectral data with specific structural motions.
Introduction: long-range vibrations and allostery
Allostery refers to changes in substrate binding or reaction rates caused by binding or mutation at sites distant from the active site. The Monod-Wyman-Changeux and KoshlandNemethy-Filmer models of allostery suggested that this control was through an overall conformational change resulting from the propagation of structural strain initiating at the allosteric binding site and then cascading to the functional site through a contiguous residue pathway (Changeux and Edelstein 2005; Koshland et al. 1966; Monod et al. 1965) . However, a variety of allosteric reactions demonstrate that such a contiguous pathway is not necessary, nor does a net conformational change always occur with agonist binding. To account for these results, it has been suggested that changes in dynamics with allosteric binding are responsible for the changes to substrate binding constants or promoter binding (Bhabha et al. 2013; Boehr et al. 2013; Gunasekaran et al. 2004; Nussinov and Tsai 2013; Tsai et al. 2009 ). Long-range structural vibrations, often referred to as the collective vibrational modes, or global vibrations, readily provide a mechanism to correlate motions between distant regions. Using molecular mechanics/molecular dynamics calculations with increasing level of anharmonic effects, investigators have theoretically characterized those vibrational modes that involve the concerted motion of entire domains (Brooks et al. 1988; Levy et al. 1984; Teeter and Case 1990) . In Fig. 1 we show a vector displacement diagram of the lowest collective mode for dihydrofolate reductase. The arrows show the direction and amplitude of the atomic displacement averaged for each C-α atom. The length of the arrow is proportional to the displacement amplitude, (actual displacements are<0.1 Å). The energy range for these global correlated motions peaks in the terahertz frequency range [0.03-6.0 terahertz (THz), 1-200 cm −1 , 12.5 μeV to 25 meV]. The energies are sufficiently low that the motions are thermally populated and thus relevant to biological processes. An early indication that these collective modes may be important to protein function was the ability to simulate functional conformational change with only the first few collective vibrational modes for many biomolecular systems (Bahar and Rader 2005; Karplus and Kuriyan 2005) . More recently, the relevance of the entire collective mode spectrum was emphasized by Petrone and Pande who showed that reproduction of the This article is part of a Special Issue on 'The Role of Protein Dynamics in Allosteric Effects' edited by Gordon Roberts atomic root mean squared displacement requires the inclusion of hundreds of collective modes for systems such as myosin and calmodulin (Petrone and Pande 2006) . In general, a protein can sample a broad range of configurations, with populations dictated by the energy landscape. The backbone configurations can be sampled via the population of trajectories evolving along the eigenvectors for the global motions, whereas side chain configurations may be diffusively populated via overdamped librational motions. One model of allostery is that the energy landscape changes with agonist (antagonist) binding, resulting in the dynamic ensemble shifting to configurations favoring (inhibiting) function. As an example of how the coupling via allosteric binding may increase access to target configurations, we consider a simple model in Fig. 2 which shows the contour energy map for a simple two-dimensional (2D) harmonic system. The eigenvector directions are indicated by the red arrows, and the target configuration by the red star. In Fig. 2a we have no coupling between the coordinates; the energy minimum is at the origin, and excitation of the global vibrations, with displacements along the eigenvectors, does not access the target configuration. In Fig. 2b , the potential has coupling between the x-y coordinates. The minimum still is at the origin; that is, the minimum energy configuration does not change. This situation would be analogous to the allosteric interactions without any net conformational change with agonist binding, such as in the case of dimeric catabolite activator protein (McLeish et al. 2013; Rodgers et al. 2013; Toncrova and McLeish 2010) . However the x-y coupling distorts the energy surface, and the eigenvectors now connect the minimum energy configuration to the target configuration. This extremely simplified model illustrates one suggested avenue in which collective vibrations may play a determining role in allosteric control. That is, with the agonist binding, the overall energy landscape distorts to enhance access to functionally important configurations. However, the illustration fails to capture the density of states of these large macromolecules and the notion of a dynamical ensemble, where in fact many vibrations may have similar backbone motions which enhance functional configuration access. Other possible allosteric mechanisms include an overall shift of the energy landscape that can either energetically favor the substrate-bound configuration or provide entropically favored substrate binding through the change in configurational entropy, or both (Balog et al. 2004 (Balog et al. , 2011 Hilser and Whitten 2014; Hilser et al. 2012; Motlagh and Hilser 2012) . For these cases, the collective vibrations do not play a direct role in the allostery, although such reshaping of the energy landscape will necessarily result in changes in the collective mode distribution. While there have been a number of measurements that are consistent with these allosteric mechanisms, it has been a considerable challenge to measure longrange vibrations in proteins.
A method to measure and characterize the collective vibrational modes is needed if it is to become possible to both determine the role of collective vibrational modes in allostery and then use this mechanism to develop therapeutic treatments. Ideally, the method would both isolate the long-range correlated motions from local motions and provide structural information concerning the motion. The measurements of these correlated motions, and how they evolve with binding affinity and catalytic rate, would then give insight to their role in catalysis and engineering for allosteric promotion or inhibition. In this paper we discuss the challenges of characterizing collective vibrations and our development of an optical technique, namely, crystal anisotropy terahertz microscopy (CATM), which reveals the collective vibrations. The technique has the potential for structurally characterizing the collective motions (Acbas et al. 2014) . We also discuss the fundamental challenge of the dense spectrum and different possible strategies to decompose the spectrum in terms of the nature of the structural motions. 
Challenges to measuring long-range vibrations
Structural measurements using X-ray crystallography and nuclear magnetic resonance (NMR) spectroscopy can be used to access dynamics. In the case of X-ray crystallography, dynamics is characterized using the Debye-Waller factor, or B factor . The line shape of the diffracted intensity I is described by ∝e −B factor sin 2 θ=λ 2 . The B factor includes various kinds of disorder: static, thermal and correlated motion. While there are methods to distinguish crystal disorder from thermal motions, and there has been some success in isolating the correlated motion from the local fluctuations, it is impossible to determine the directionality of the correlated motions or the extent of the correlation networks contributing to the net atomic B factor . NMR measurements can selectively determine motions on specific time scales. Of particular interest is the possibility of using these dynamics measurements to measure the entropy. However, like X-ray, all local motions and all long-range motions contribute to the measured net atomic variation, requiring new approaches to isolate the long-range intramolecular vibrations.
Direct measurement of collective vibrations requires spectroscopy in the mode energy range. In all-atom molecular mechanics calculations for proteins in the 10-to 30-kDa range, the collective vibrations have energies in the range of 1-300 cm −1 (ν=0.03-10 THz, λ=1 cm to 0.03 mm). The green line in Fig. 3a demonstrates the large vibrational density of states (VDOS) for hen egg white lysozyme (HEWL) in this energy range. The normal mode spectrum was calculated using the CHARMM force fields for proteins and the 1bwh structure/ data file from the Protein Data Bank (PDB) with only resolved crystal waters present. Techniques to access this energy range include neutron scattering, Raman/Brillouin scattering, Mössbauer scattering and far infrared (FIR) or THz spectroscopy. Mössbauer scattering can have limited application, because it requires a Mössbauer active isotope, usually 57 Fe, and reports on those motions that include the motion of this atom (Achterhold et al. 2002; Tan et al. 2007; Xiao et al. 2005) . Recently, there have been reports of global correlated motion measurements using inelastic scattering techniques (Biehl et al. 2008; Liu et al. 2008; Rheinstadter et al. 2009 ). Inelastic scattering can resolve both energy and momentum transfer in the collective mode energy range. In particular, coherent inelastic neutron scattering (INS) and neutron spin echo (NSE) can measure correlated motions. The techniques are facility-based and require a neutron source (i.e. a nuclear reactor). The current time-scale cutoff of NSE is approximately1 ns, which is too slow to measure the collective modes, whereas coherent INS is<1 ps. Source access and the requirement of deuteration of large samples (approx. 100 mg) has limited the application of these potentially powerful techniques. To date there has been a single report of the measurement of correlated ps motions using coherent INS for a bilipid layer containing a 2D crystal of bacteriorhodopsin trimers (Rheinstadter et al. 2009 ).
Incoherent INS, which measures the ps single particle excitations, can be used to measure the VDOS shown in Fig. 3a . This method is another possible avenue to measure entropy, but it cannot provide mode identification or isolate the directions of correlated structural motions.
Terahertz measurements
Optical measurements have the potential to decrease the complexity of the dense VDOS by optical selection rules. For a vibrational mode to be excited optically, there must be a change in the net dipole with the vibrational displacement, called the transition dipole. As different vibrations will have varying transition dipoles, the spectrum will have more structure, reflecting the mode-dependent dipole coupling, with possibly some modes having no coupling at all. Returning to Fig. 3a , the black curve shows the calculated absorption spectrum for a single lysozyme molecule with crystal water hydration. The absorption is averaged for all orientations of the molecule relative to the light polarization, corresponding to the ) units] for hen egg white lysozyme (HEWL) using Eqs. 1 and 4 and nuclear magnetic resonance (NMA) spectroscopy. Only crystal waters were included. a Single molecule results for the vibrational density of states (green curve), terahertz (THz) absorbance for unpolarized light (black curve), THz absorbance for the THz light polarization parallel (blue curve) and perpendicular (red curve) to the protein static dipole. b Crystal results based on Eq. 5 for THz light polarization parallel (blue curve) and perpendicular (red curve) to the protein static dipole. VDOS Vibrational density of states absorption for an unaligned sample. This orientation averaged absorption corresponds to solutions, powders and films, and is given by:
where ∂ p ! = ∂q i , ω i , γ i are the dipole derivative, mode frequency and linewidth associated with mode i, respectively. The spectra are calculated assuming a single linewidth γ i =γ=4 cm
linewidth for all modes. The calculated optical absorbance for HEWL, shown by the black curve, has more structure than the VDOS, with a prominent peak at 9.3 cm −1
. Similar results have been found for a variety of proteins, thus suggesting the possibility that specific vibrations can be identified using optical spectroscopy. A number of proteins have been measured spectroscopically with Raman and traditional Fourier transform infrared (FTIR) transmission techniques (Lindsay et al. 1988; Lisy et al. 1997; Powell et al. 1987 Powell et al. , 1991 . While extensive Raman spectroscopy studies have been performed, there is some disagreement among various research groups on band identification, possibly due to the application of complex Lorentzian line-fitting procedures for extracting weak contributions to the main elastic scattering peak (Lisy et al. 1997; Weidlich et al. 1990 ). Coherent vibrations of bound chromophores have been identified (Parak 2003; Zhu et al. 1996) , but to date no collective vibrations have been identified. FTIR spectroscopy is a common procedure in most analytical chemistry facilities, but typically works in the 400-7000 cm −1 range.
For frequencies (ν) of<400 cm −1 , non-synchrotron-based broadband sources are not sufficiently bright and to achieve signal-to-noise ratios of>100:1 requires a liquid helium-cooled bolometer detector. Nevertheless, FTIR measurements have been made on a variety of proteins. Typically solution phase and pellets of lyophilized powder were measured. Despite careful attempts to observe resonant absorption by intramolecular vibrations, nearly all of these measurements found no sharp features. More recently, the technique of THz timedomain spectroscopy (THz TDS) has been used to study proteins.
Terahertz TDS protein measurements
THz TDS systems typically produce broadband picosecond pulses in the region of 0.03-6.0 THz. With coherent detection schemes, signal-to-noise ratios as high as 10 000:1 without cryogenic detection for a single pulse have been reported (Mittleman 2003; Sakai 2005 ). Reviews of THz TDS applied to protein samples can be found in Falconer and Markelz (2012) and Markelz (2008) . Here, we give a brief overview of a THz TDS system used for our far field measurements.
The near field system is based on this standard system. Our THz TDS system uses current transient generation and electro optic detection. A Ti-sapphire laser with 100-fs pulse width and 400-mW output is split into generation and detection beams. The generation beam is focused on a photoconductive switch antenna fabricated on a gallium arsenide semiconductor substrate. The antenna consists of two long 10-μm-wide metallic strips positioned 80 μm apart. A voltage is applied between the two strips, typically approximately 65 V peak voltage. Illuminating the gap between the strips with the 100-fs, 800-nm light results in a rapid creation of carriers-and thus a rapid current transient. This fast current transient gives rise to broadband radiation. The THz light is steered through the sample using parabolic mirrors, or by lenses that are transparent at THz frequencies. The radiation is then detected using the electro optic effect. For an electro optic crystal, an applied electric field produces birefringence in the crystal. This birefringence can be detected by analyzing the polarization of the light transmitted through the crystal. The electric field of the THz light pulse provides the applied electric field that produces the birefringence. By probing the electro optic crystal with a second near-infrared (NIR) pulse as a function of arrival time of the THz pulse, one can map out the THz electric field pulse in time. By taking the Fourier transform, one can then determine the spectrum of the light. The technique is highly reliable and far easier than previous spectroscopy systems in this frequency range. There are a number of commercially available THz TDS systems; however, at present there are no commercially available near field THz TDS systems. The absorption coefficient α is determined from measurements of the field transmitted through the sample of thickness d and a reference:
where T is the intensity transmission, t is the electric field transmission and E S (ω) and E R (ω) are the complex transmitted fields of the sample and reference, respectively. Figure 4 shows the THz absorption coefficient for HEWL and HEWL+ triacetylglucosamine(3NAG) solutions. There is a net decrease in THz absorbance with inhibitor binding, both at room temperature and just below freezing for bulk water. It is tempting to suggest that the decrease observed is associated with a net blue shift in the vibrations due to the binding, as suggested by the early calculations of Karplus and coworkers (Bruccoleri et al. 1986 ). However, the net decrease observed may be a reflection more of what is happening at the surface of the protein rather than the long-range motions (Grossman et al. 2011; Luong et al. 2011) . The data illustrate several key features of THz absorbance measurements of proteins. First, one sees that the unfrozen solution has a different frequency dependence and a significant increase in absorbance compared to the frozen solution, reflecting the large absorption coefficient of the bulk water at THz frequencies. The bulk water absorption coefficient can be described by three dielectric relaxation terms and a single resonant absorbance in the THz range. When the bulk water is frozen, there is still a broad monotonic frequency dependence, although the shape of this dependence changes dramatically, and strongly resembles the frequency dependence of hydrated protein films. This is likely due to the remaining unfrozen water adjacent to the protein surface. In addition, there is strong evidence that the librational motion of surface side chains also has relaxation times on the order of 1 ps; thus, for solutions we have found that the THz response, rather than resembling the calculated absorbance from intramolecular vibrations as show in Fig. 3a , is dominated by librational motions of the solvent and surface side chains. For nearly all THz measurements of protein samples, in solution, powder or film form, the response has been found to be smooth and featureless with a peak near 150-200 cm
. This broad response arises from local librational motions of the residue side chains and solvent which dominate the optical response for unaligned samples measured in the far field (He et al. 2011 ). This relaxational contribution must be suppressed or removed from the measurement to reveal the intramolecular vibrations.
Optical measurements were expected to provide sufficient selectivity through dipole coupling to isolate specific correlated modes. Unfortunately, the relaxational response also couples strongly to the field. However, there is an additional selectivity that one can take advantage of using optical techniques and that is polarization sensitivity. The strength of the absorption for a vibrational mode depends on the relative direction of the optical dipole moment and the optical polarization.
The amplitude is dependent on the projection of the dipole derivative vector on the light polarization vector λ. For a single protein molecule, the orientation of the water and residue sidechain varies homogenously over the protein. Thus, by measuring an aligned protein sample, where all protein molecules have well-defined relative orientation, THz absorption for a single polarization relative to the molecular orientation will measure both the correlated motion contribution with dipole transition aligned along the polarization and the relaxational background. A second measurement with the polarization rotated by 90°will measure the same relaxational contribution-however there will be a change in the collective mode contribution since the projection of the transition dipoles for the collective modes on the polarization direction has changed. By determining the difference in absorbance between the two polarizations, the relaxational contribution is removed and the correlated motion contribution is isolated. Also, additional structure in the absorbance spectra is achieved by measuring the polarization-dependent absorbance for aligned samples. This is illustrated in Fig. 3a which shows the absorption for a single lysozyme molecule for the polarization parallel to the HEWL static dipole λ‖p 0 =λ‖ (shown in blue), and for the perpendicular polarization λ ⊥ p 0 = λ ⊥ (shown in red). A 4 cm −1 linewidth is assumed for all frequencies, consistent with linewidth measurements of molecular crystals at room temperature (Korter et al. 2006; Kröll et al. 2007; Singh et al. 2012; Walther et al. 2003) . As seen in Fig. 3a the spectral peaks change for the two polarizations, reflecting the change in the direction of the dipole transitions for different intramolecular vibrations. At this time we cannot measure the response of a single molecule to THz light and must measure macroscopic samples with many molecules. For the polarization contrast to be possible with macroscopic samples, the molecules must have a well-defined relative alignment. A naturally aligned protein sample is a crystal; consequently, performing polarization difference measurements on protein crystals gives the correlated response. Protein crystallography has been the dominant method of protein structure determination. Protein crystals typically consist of approximately 50 % water by volume and, therefore, the biomolecules are sufficiently hydrated for functional motions. Protein crystals can form in essentially all familiar crystal symmetry classes, such as in solid state materials (e.g. semiconductors), but for proteins, the entire macromolecule is the basis group. The data to be discussed in this review focus on tetragonal HEWL crystals, which have eight proteins per unit cell. Each of the molecules is at a vertex of the unit cell, with an orientation given by the crystal symmetry rotations. The calculated absorbance for this crystal for the field parallel and perpendicular to the molecular dipole is shown in Fig. 3b . Even though the net absorbance sums over the orientations of the eight proteins in the unit cell, we still see strong resonant peaks in the calculated absorbance. Further, it is clear that by taking the difference in the absorbance between the two polarizations, the contrast will be amplified. Previous THz HEWL crystals measurements (Tych et al. 2011) showed the typical smooth response measured for protein films and lyophilized powders. These measurements were made using a standard THz TDS far field system. Far field measurements are limited to samples which are larger than the diffraction-limited spot size, which is typically a diameter of approximately1 mm. However, as typical protein crystals have average dimensions of <400 μm, it is likely that diffraction effects eliminated spectral features in these earlier crystal measurements. In addition, polarization dependence was not measured in these earlier measurements. In order to properly measure protein crystals one needs near field THz microscopy.
Crystal anisotropy terahertz microscopy
An optical transmission measurement is typically performed by mounting a sample on an aperture and then comparing the transmission to that through an empty aperture. As protein crystals have dimensions of <400 μm, such an aperture will be less than the diffraction-limited spot size for THz broadband spectroscopy. This means that the aperture itself will have a spatially varying frequency-dependent transmission in the far field arising from diffraction effects. These limitations can be overcome by performing near field spectroscopy, where the transmitted field within several wavelengths is detected. Readers are likely familiar with near field scanning microscopy used in the visible range. In the extreme infrared or THz range, near field methods have been developed using antenna coupling to the sample surface, although the coupled light will strongly affect a sizable region under the antenna, resulting in a frequency-dependent response that is not simply related to the sample response. In addition, the detected light is that scattered from the sample surface, resulting in some polarization loss. Planken and coworkers devised a method for THz near field scanning optical microscopy that capitalizes on the fact that the electro optic detection is done using NIR light, which has a diffraction-limited spot size that is 1000-fold smaller than wave light in the millimeter range. By placing the sample directly on the EO crystal and focusing the NIR to probe the THz field-induced birefringence in a small region in the crystal, the Planken group achieved a spatial resolution of <10 μm, or λ/100 resolution (Chakkittakandy et al. 2008) . Since its inception, several groups have reproduced the Planken system for solid state physics applications. We have slightly modified the original version to apply the technique to protein crystals. A schematic of the crystal anisotropy terahertz microscopy (CATM) system is shown in Fig. 5 . The main changes to the optical system relative to a typical THz time-domain system are the beam splitter directing the NIR probe beam through a microscope objective, the mounting of the ZnTe crystal on a microscope X-Y controlled stage and the NIR reflection coating on the top surface of the ZnTe crystal as well as a NIR antireflection coating on the bottom surface of the ZnTe crystal. Unlike a typical THz TDS system, where the NIR and THz co-propagate through the EO crystal, with CATM NIR beam probes the THz-induced birefringence after reflection at the top surface of the ZnTe crystal.
The detection crystal has a thin NIR reflective film that is sufficiently thick to act as an efficient mirror in the NIR but is transparent at THz frequencies. The transmitted THz field induces birefringence in the EO crystal, which is then detected by the co-propagating reflected NIR. The Planken group has demonstrated that the interaction is strongly confined to the surface. The spatial resolution is approximately10-20 μm, which is sufficient for measuring protein crystals. However, we have determined that one does not observe the sharp spectral features of a protein crystal simply by imaging it, primarily due to the diffraction effects from the sample edges which worsen with the finite thickness of the sample and electro optic crystal. At these long wavelengths, diffraction effects are severe, and the light measured at a single pixel does not arise solely from the transmission for the material immediately above the pixel, but is the average of the light within a distance from that pixel. The spatial averaging scales with the thickness of the sample. The contamination from diffraction can be sufficiently large that absorption peaks can be entirely obscured. Knab et al. (2010) demonstrated that by using small apertures one can attain the same spectroscopic quality from microscopic samples in the near field as can be achieved in the far field for macroscopic samples. We have implemented this method by mounting the crystals on a thin aluminum plate (approx. 150 μm thick) in which a small aperture have been drilled at the center (diameter 150-300 μm). In this way, the light at a given pixel almost entirely originates from the transmission of the material above the pixel. The signal for the center pixels is uniform, with very little diffraction contamination. Different orientations are measured by rotating this sample plate. An alignment mark on the sample plate allows for the determination of absolute orientation of the plate for each measurement. The spectra from the center aperture pixels for each orientation are compared.
The system can be separated into two Benvironmentalr egions: the sample region, which is adjacent to the ZnTe electro optic crystal, and the THz optical system. The ZnTe crystal forms the bottom of a hydration controlled chamber (not shown) which encases the sample in a hydrationcontrolled atmosphere. Exterior to the hydration chamber the rest of the THz system is enclosed and purged with dry nitrogen to remove artifacts from gas phase water. All measurements are performed at room temperature. The hydration in the sample chamber is controlled by a flow from a Dewpoint generator (LI COR Biosciences, Lincoln, NE)).
Multiple reports suggest that narrow band features can be observed using standard FTIR or THz TDS and unoriented samples. Unfortunately these reports contained irreproducible and/or conflicting observations which likely resulted in false assignments because they did not address one chief artifact in this frequency range, namely, multiple reflection effects or Fabry-Perot etalon (Crowe et al. 2004; Edwards et al. 1984; Globus et al. 2002 Globus et al. , 2006 Parthasarathy et al. 2005; Woolard et al. 2002) . Fabry-Perot etalon is an interference between copropagating light beams arising from reflections at the sample/ window surfaces. The spacing of the etalon features changes as the sample or window thickness changes; thus, a standard test to determine if observed features are due to etalon is simply changing the thickness of the sample. If the Bresonantf requencies shift with sample thickness, then they are likely etalon features; if the features remain at the same frequency, and the strength increases with sample thickness, they are likely due to resonant absorption. The easiest method to remove the etalon is to use the sample as its own reference; that is, to change the sample property to which the resonant absorption is sensitive and referencing to zero perturbation. The thickness and therefore the etalon will be the same for the two measurements, thus divide out, leaving only the signal sensitive to the property changed. Examples of perturbations are light excitation, magnetic field or temperature variation. Here, our perturbation is the sample orientation. For self-referencing to be successful, the sample thickness must not change between the two measurements, which can be challenging for a faceted crystal which varies in thickness over the surface. For each rotation, one must ensure that the same location of the crystal is being measured, and to achieve this, the aperture serves a vital purpose. Using the aperture and designating the central most pixels as the sample region, we are able to achieve robust self-referencing, removing the concerns of both etalon contamination and waveguide effects. To ensure that the same region of the sample is measured for each rotation, a coarse THz image of the aperture is made by scanning the sample stage in 30-μm steps. In this way, the coordinates of the center pixel are determined for each rotation, and a long, high-sensitivity low noise measurement is made of the center pixel. The initial angle is used as the reference orientation. As we are interested in the change in absorbance (Δabs) with orientation, we use a single orientation of the crystal as our reference and calculate a difference absorbance using the following:
where |E t (ω,θ)|(|Ε ι (ω,θ)|) is the magnitude of the transmitted (incident) electric field and α(ω,θ) is the sample's absorption coefficient at frequency ω, orientation angle θ and d is the sample thickness. F(ω) is the frequencydependent transmission due to Fresnel loss at interfaces, subwavelength aperture effects and etalon; this factor should be orientation-independent. The reliability of the CATM system was tested by measuring single sucrose crystals. Sucrose has a well-established linear dichroism in the THz range and has been thoroughly characterized using far field spectroscopy on large crystals (Kröll et al. 2007; Singh et al. 2012) . Figure 6a shows the Δabs for single pixel measurement using CATM for a small thin (approx. 200 μm thick) c-cut (001) monoclinic sucrose crystal, and Fig. 6b shows the far field measurements for a large crystal. The reference direction for the CATM measurements is the polarization along the [010] direction, corresponding to 90°data for the far field measurements. There are several notable features in these measurements. First, the because the reference orientation measurement is along the maximum absorption at these frequencies, as seen in the 90°d ata (Fig. 6b) . In contrast, there is a positive resonance at 62.7 cm −1 (indicated by the dashed lines). This absorption is absent for the reference direction and reaches a maximum at an orientation between the [100] and [010] directions. The data demonstrate the reliability of the spectroscopy in the near field for microscopic samples.
CATM: measurements and analysis CATM measurements of protein long-range vibrations
Measurements have been performed on tetragonal HEWL crystals for fully hydrated and partially hydrated crystals (Acbas et al. 2014) . The large optical density of the protein crystals along with the aspect ratio of approximately 1 resulted in a preferred crystal size of≤300 μm, which significantly simplifies the crystal growth and makes the technique accessible to many proteins. For wet crystals, the aperture plate is either prepared with a small amount of paraffin oil or with a polyethylene sheet (Saran wrap), the crystal well with the mother liquor is covered with paraffin oil and the crystal is pulled through this coating as it is harvested from the well; the oil-encased crystal is then placed over the aperture on the sample plate. Paraffin oil has essentially zero THz absorbance, with no frequency dependence, and is a commonly used protectant for protein crystals. The sample plate is then placed on the EO crystal in the THz system. For the dry sample measurements the sample mounting procedure is the same, but no paraffin oil is used. Results for the dry crystal are shown in Fig. 7 where Fig. 7a shows the change in Δabs for different crystal rotations. There are several resonant features that are orientation-dependent. As shown in the case for the sucrose calibration (Fig. 6) , the negative Δabs at 60 cm −1 for non-zero orientations indicates that this absorbance is present for the 0°o rientation, and as the crystal is rotated, there is a decrease in absorbance at this frequency. Additional strong resonances are observed at 25 and 45 cm −1
. Figure 7b shows the refractive index determined from the transmitted waveforms. This is a distinct advantage of THz TDS over standard FTIR. FTIR is a standard spectroscopic technique in the infrared region and can readily extend into the THz frequency range by coupling in a bright broadband source, such as a synchrotron. However FTIR uses thermal detection, usually a bolometer, and thus is not sensitive to phase; without this phase information, the refractive index cannot be easily extracted. The appearance of anomalous dispersion in the index at the same frequencies as the sharp orientation-dependent absorption lends support that the features are indeed resonant absorptions and not artifacts. For the refractive index determination one must use an absolute reference; for the data shown in Fig. 7b , we used the transmission through an empty aperture as the reference. This was the first time that THz absorbance resonances had been observed for protein crystals that clearly arise from the protein crystal itself.
The proper visualization of the data was found to be critical. In Fig. 8 we show a 3D rendering of the Δabs as a function of frequency and crystal orientation for a fully hydrated HEWL crystal. It is apparent that there are strong features, but . These features are not equally spaced in frequency, indicating they do not arise from multiple reflection interference. In addition, the features have a 180°orientation dependence, indicating they arise from the sample and are not an artifact of the spectroscopic system. The resonances are stronger and narrower for the fully hydrated crystal. The improvement of the spectral features for the fully hydrated crystal is likely due to the retention of high crystal quality and uniformity in the protein conformation, whereas for the dry crystal, the removal of the water first results in a decrease in crystal quality, with subsequent variation of the protein orientation and thus a decrease in the anisotropy signal. Our first step in identifying the types of motions that contribute to the observed resonances was to calculate the CATM spectrum with normal mode analysis using CHARMM. Starting from the 1bwh data file from the PDB, we calculated the normal mode spectra, along with the dipole derivatives and eigenvectors. The CATM spectra are calculated using:
where R j is a rotation matrix associated with the crystal symmetry. The results shown in Fig. 9b have a remarkable similarity to the measurements for the fully hydrated crystal shown in Fig. 9a . It is tempting to then directly assign the measured Δabs peaks to the atomic displacements of the calculated modes that occur at the peaks of the calculated spectra. In Fig. 9b , for example, we show the vector diagram of the calculated mode corresponding to the calculated 80 cm −1 peak. This mode has displacements that enter into the binding pocket, indicated by the bond diagram of the inhibitor 3NAG. The vibrational displacements into the binding site may enhance the structural access to the bound configuration. Also shown is a vector diagram for a 72 cm −1 mode which does not contribute to the CATM response. This mode does not have displacements into the binding pocket and thus may not be important to catalysis. However, this overall strategy of attempting a one-to-one assignment with the peak of the measured and calculated CATM signal is seriously flawed for these complex systems on several levels. First, however, we are hesitant to draw any real conclusions on this disagreement given that, at this level of calculations, any overlap with the measurements is remarkable and only serves to encourage the pursuit of both measurements and more refined calculations. The calculations presented are considerable oversimplifications and do not represent the physical conditions. The strongest concerns are: (1) double harmonic approximation; (2) zero temperature; (3) single minimum, no populations of the landscape. These very basic concerns need to be addressed before any real assessment between the measurements and calculations can be made. In addition to fundamental concerns regarding the calculation of the spectrum, the resonances observed do not consist of just a single optically active vibration, but in fact they consist of many vibrations with closely spaced energies contributing to these peaks, which would be more appropriately labeled bands. It is however remarkable that in spite of the extensive approximations there is considerable overlap with the measurements. Such a result encourages the pursuit of both more measurements and more refined calculations. We can use these simplified calculations to estimate the general trends for CATM spectra as a function of crystal symmetry group and as a function of deuteration.
We will now discuss strategies to interpret CATM spectra using this approach.
CATM analysis: towards mode identification
The overall goal of characterization of long-range vibrations is to determine how these motions impact function: specifically, do they enable or prohibit access to functionally relevant configurations? Thus, the most critical analysis is the association of structural motions with observed resonant bands. Once such identifications have been made, focus can turn onto those bands associated with functionally relevant motions. Thus, the overall analysis has two aspects: (1) identification of motions associated with optical resonances; (2) identification of functionally relevant motions.
For the identification of motions associated with measured optical resonances, Fig. 9 suggests that this is a simple matter. The CATM spectra have very clear peaks, and Fig. 9b shows that the calculated CATM spectrum has several strong signal regions that are similar to these features. As a great number of modes contribute to these broad peaks, rather than selecting a single mode of the peak, a more accurate overall view of the structural motions excited may be achieved by summing the calculated trajectories within the calculated peak that most closely aligns with a measured resonance. Even so, the apparent alignment between the measurements and calculations needs to be tested. There is a reasonable amount of skepticism within the scientific community with respect to the accuracy of molecular mechanics calculations, when these are compared to real macroscopic samples. That is, while the calculations may correctly predict vibrational mode trajectories, the frequencies and oscillator strengths are difficult to capture with a semi-empirical force field. For example, typically standard molecular mechanics software does not allow for polarizable force fields. As a result, simple calculations for a water box lead to zero net dipole moment for all time steps, suggesting no dielectric response for the water! The accurate prediction of frequencies and oscillator strength is a considerable challenge, given the complexity of the system. While efforts continue to improve this accuracy, we suggest that some insight can be achieved by examining how the calculated spectra evolve under different conditions and then compare these calculated trends with the measurements. By identifying the shifts in calculated modes with physical parameters, such as crystal symmetry group, crystal face, deuteration and temperature, with the trends observed in the measurements, the displacement vectors corresponding to the observed resonances can then be determined. Here we discuss several calculated trends.
One straightforward trend which can be used to compare between the calculated and measured CATM spectra is the dependence of spectra on the crystal symmetry group and crystal face. The initial CATM measurements were made with tetragonal HEWL crystals, where eight rotations of the protein molecules are in a single unit cell. This means that multiple orientations are being measured simultaneously, reducing the specificity of the vibrations excited for a given polarization of THz light. Thus, the total number of modes contributing to each of the observed peaks is large, thereby decreasing the ability of the technique to distinguish specific structural motions. By using crystals of lower symmetry and examining the spectra for different faces of these crystals, we can increase the structure in the spectra and isolate specific structural motions. We illustrate this here using the same normal mode spectrum calculated for HEWL as in Eqs. 5 and 6, but using the rotation matrices corresponding to different crystal symmetry groups. The results are shown in Fig. 10 for tetragonal, orthorhombic, monoclinic and triclinic symmetry groups. As can be seen, the spectra become more structured with decreasing symmetry. In particular, for the spectrum of the monoclinic symmetry group there are calculated resonances that are centered at orientations different than 90°or 180°. This added differentiation between the spectral features provides a more stringent test for band identification.
In addition to the dependence we expect for different crystal symmetry groups, we also would expect that the CATM spectra will be dependent on crystal face. Here, using Eq. 5, we rotate about different crystal axes within a specific crystal symmetry group. The results for monoclinic and tetragonal crystals are shown in Fig. 11 . The highly symmetrical tetragonal crystal shows little contrast in the CATM spectra for different faces of the crystal, suggesting that the measurements of different faces would offer little new information in terms of isolating specific structural motions We note that all of the calculations presented have entirely ignored crystal contact forces. It has been found that for a variety of proteins the crystal forces are not significant for a variety of systems; protein function in crystal form is the basis for much of the current work in timeresolved crystallography. Nevertheless crystal contact forces are present, leading to the variety of crystallographic forms attainable, and future calculations should include these.
We discuss here one additional parameter that can be varied for both calculations and measurements, namely, mass. As in the usual Hookean mass-spring system, the long-range vibrational frequencies are inversely dependent on the square root of masses involved in the motion. Thus, structural motions will have a specific sensitivity to isotopic substitution based on the participation of the isotopically substituted atoms in the motion. The most readily accessible isotopic substitution for crystal measurements is deuteration by solvent replacement and hydrogen/deuterium (H/D) exchange. The normal mode calculations of the deuteration dependence are also straightforward in that only the mass of the substituted hydrogens are changed. As an example we show the calculated CATM spectrum for tetragonal HEWL without and with full deuteration in Fig. 12 . To achieve this level of deuteration, the protein itself must be expressed fully deuterated. The maximum H/D exchange achievable is 21 % for HEWL (Chung et al. 1997) . As seen in Fig. 12 , the resonant bands are shifted with deuteration, but the frequency shifts are not equal for all . This small shift for the lowest frequency band is surprising given that one might expect the largest shifts for the lowest frequency modes, given they have the highest amplitude and involve the collective motion of the most atoms. By matching the measured shifts with the calculated shifts, the measured resonances can by identified with specific vibrational bands and thus can be assigned to calculated motions contributing to the band. The next step is to determine if those motions are biologically relevant.
Comparisons between the measurements and calculations as a function of crystal symmetry, crystal face and deuteration can all lead to the identification of overall motions contributing to the CATM spectra; however, it is useful to focus on the modes which are relevant to allostery. Specifically, we would like to focus on modes which involve motions which impact the functional or binding site. Given the nearly continuous density of states, a scoring function is needed to distill the dense spectrum and isolate vibrations with displacements relevant to function. One simple scoring method is the inner product of the mode's eigenvector with the displacements involved in function. The key to the effectiveness of such mode classification is the determination of the fundamental displacements and of the proper coarse graining of the eigenvectors.
As an example of this overall strategy we consider a simpler problem: the decomposition of the VDOS along the first six normal vibrations. It has been demonstrated that in many cases functional conformational change can be reproduced by the eigenvectors of the first several normal modes. Thus, we start by using these as our fundamental displacements. If the full atomic displacement vectors are used, the projections on the first six mode eigenvectors do not reveal any regions of strong overlap due to over-specification of the full atomic eigenvectors, which does not capture the average motion of the backbone for a given vibration. To avoid this, we assign a net displacement vector to each C-a atom, by averaging the displacements of all atoms within 4 Å of the C-α. This is the same procedure used to create the vector diagrams shown in Fig. 1 . Thus, we have a coarse representation of the eigenvector for each mode. In Fig. 13 we show the magnitude of the inner product with the first six modes. We see regions of vibrations that have strong overlap with modes 3 and 6, and these frequency regions overlap with the strong peaks in the CATM spectra at 45 and 80 cm −1 . Thus, it is possible that many of the modes contributing to the peak signals have similar backbone motions and that the peak corresponds to an overall type of motion. Fig. 12 Surface plots of the calculated CATM spectra for the [110] face of a tetragonal crystal of HEWL with no deuteration (a) and full deuteration (b) Fig. 13 Magnitude of projection of the vibrational density of states on the first six vibrational modes, from normal mode analysis. In several frequency bands there is strong overlap with the displacements for modes 3 and 6, which have displacements into the binding region, indicated by the yellow regions. These bands also correspond to large calculated CATM signals
Relevance to allostery
As discussed in the Introduction, long-range vibrations have been suggested as a possible mechanism for allosteric response. The long-range vibrations involve the coherent motion of entire domains relative to one another. The binding of an agonist or an allosteric mutation may sufficiently change the energy landscape to result in a change in the direction of the domain motions so that the configurations sampled enable or inhibit function. Such a change in the directionality of the vibrational motions will result in a change in the vibrational energies and the direction of the dipole transition. Thus, if the long-range vibrations do provide an allosteric mechanism, then the anisotropic absorption as measured by CATM must change with allosteric binding or mutation. The observation of this change would be a substantial argument in favor of this mechanism-but it is not sufficient. Additional proof of this mechanism and exploitation of it could be through the intentional interruption of long-range vibrations, first mapped out by a combination of techniques such as NMR and CATM.
Discussion and conclusion
We suggest that the existence of underdamped long-range intramolecular vibrations in proteins has been established. Not only have the CATM measurements indicated this, but recent optical Kerr effect measurements of lysozyme solutions have found a broad Raman active resonance near 68 cm −1 that is sensitive to inhibitor binding (Turton et al. 2014) . We now comment on several important aspects of the measurements and calculations. First, with regards to hydration effects, for the measurements discussed in this paper, both Bdried^and hydrated HEWL crystals were measured as hydration is an easily accessible tunable parameter to allow us to contrast the results. However, our approach in general is to focus on fully hydrated crystals, and we encourage possible newcomers to the field to do the same. This is readily achieved using standard crystallography techniques to ensure full hydration of the crystals using the paraffin oil coating and a hydration-controlled cell. We have verified that the hydration remains constant over days using these methods. The critical hydration point for biological function for a wide variety of proteins has been found to be 0.3 g water/g protein. A fully hydrated protein crystal typically has>0.50 g water/g protein, thus the protein is considered fully hydrated with solution phase dynamics accessible as long as the crystal contact forces and steric constraints do not interfere with these motions. For the case of lower hydration, some crystal drying has been demonstrated to actually improve crystal order, and this has been used to improve structure determination. Below this hydration level, however, the crystal order is reduced, with defects being introduced in the crystal as well as nonuniform protein hydration occurring throughout the crystal. The disorder in the protein orientation and a non-homogeneous hydration of the proteins will result in loss of CATM signal that is reliant on a uniform sample aligned and equivalent molecules to remove the isotropic absorption and retain the anistropic signal from intramolecular motions. As the hydration is further reduced, the net hydration of the proteins fall below the critical hydration for native structure, with the result that intramolecular motions no longer reflect those that are biologically relevant. It would be highly interesting to determine CATM measurements as a function of absolute hydration of the crystal. On the other hand, normal mode calculations with water are problematic. In general, we compute trajectories in a water box, minimize structures from the trajectory and then use minimal hydration for the calculation of normal modes. Ultimately molecular dynamics along with principle component analysis of fully hydrated systems should be used, and we hope to focus on these results for comparison with the data in the future.
Long-range vibrations could potentially be a mechanism for remote control of the conformation and dynamics of the protein active site for allosteric control. The CATM technique is a bench top method to measure these motions and determine how they change with allosteric binding and mutation. Proteins present a unique materials system which combines the disorder of glass with the long-range structure associated with solid state crystals. The spectroscopic analysis tools needed to understand the longrange vibrations that have long been established for simple inorganic crystals are only just now being considered for proteins. Just as is the case of any new spectroscopic tool, broad usage and application lead to the further development of the necessary analytical tools required to fully interpret the spectra and realize the potential of this technique. As an example, since the first solution phase measurements by Purcell and Bloch in 1946, it took considerable effort and innovation to develop NMR into the powerful and transformative tool for biomolecular analysis and characterization it has become today. With the advent of cheaper THz optical systems, the method should become more accessible so that the full potential of the technique can be realized by the structural biology community. In earlier studies, other techniques have shown some evidence of long-range vibrational motions, but there has been limited follow-up on these earlier results. It is likely that such measurements were limited due to skepticism of the overall existence of underdamped vibrations. Now that such underdamped motions have been found to exist and to be measurable, we hope there will be renewed efforts to develop additional physical techniques, as well as broader application of CATM measurements, to measure the effects of long-range vibrations on protein function.
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